A precise prediction of the neutrino flux is a key ingredient for achieving the physics goals of long-baseline neutrino experiments. In modern accelerator-based neutrino experiments, neutrino beams are created from the decays of secondary hadrons produced in hadron-nucleus interactions. Hadron production is the leading systematic uncertainty source on the neutrino flux prediction; therefore, its precise measurement is essential.
Introduction
In this section, motivation of hadron production measurements, types of targets for measurements, and the NA61/SHINE experimental apparatus will be discussed.
Hadron Production
In modern long-baseline neutrino oscillation experiments, neutrino beams are created by colliding protons with a light nuclear target, such as carbon or beryllium. Secondary hadrons are produced via primary interactions of beam protons and their decays contribute to the neutrino flux. Neutrinos mostly come from decays of charged pions, while kaon contributions to the flux are getting larger at higher energy region. In addition, a significant fraction of neutrinos come from re-interactions of secondary hadrons (pions, kaons, protons, and so on) in target, aluminum magnetic horn, or with other beamline materials. Therefore, precise knowledge on hadron production for both primary and secondary interactions is necessary.
In long-baseline neutrino oscillation analyses, number of observed neutrino events at the near and far detectors can be written as proportional to the neutrino flux and cross-section:
denote neutrino flux at the near (far) detector, neutrino cross-section on target materials, neutrino oscillation probability, and far to near neutrino flux ratio, respectively. Here, near detectors can not fully constrain flux at the far site and large uncertainty remains. For instance at the T2K experiment, to achieve desired sensitivity for the observation of CP violation, total systematic uncertainty needs to be below 4%. On the contrary, current T2K has about 6% total uncertainty on the ν e appearance channel including 3% uncertainty on the Φ · σ term. Similar situation will be expected for the future Hyper-K and future DUNE experiments. An example of flux uncertainty for the DUNE experiment is shown in Figure 1 .
In addition, neutrino cross-section and other near detector measurements rely heavily on a precise flux prediction. For instance, the flux prediction of the MINERνA experiment in the NuMI beamline at Fermilab relies on former hadron production measurements [1] , however, its coverage is not enough and they assign large uncertainties. Therefore, hadron production is the leading source of uncertainty and its reduction is desired. 
Thin and Replica Target Measurement
There are two types of measurements to constrain hadron production uncertainty: thin and replica targets.
Thin targets (a few % of proton-nuclear interaction length, λ) are used to study primary and secondary interactions. Proton (p), pion (π ± ), and kaon (K ± ) beams strike nuclear targets (such as carbon, beryllium, aluminum) and secondary hadrons are produced. To constrain the uncertainty on production, measurements of total inelastic and production cross-sections as well as differential cross-sections ( Replica targets (often also called thick targets) are used to study hadrons exiting target and to measure production cross-section via beam survival probability: 
The NA61/SHINE experiment
The NA61/SPS Heavy Ion and Neutrino Experiment (NA61/SHINE) is a fixed-target experiment at the CERN SPS, which studies hadron production in hadron-nucleus and nucleus-nucleus collisions for various physics goals. The NA61/SHINE apparatus is a large acceptance spectrometer for charged particles. 
Results and Plans
In this section, NA61/SHINE latest results and ongoing measurements for the T2K and Fermilab neutrino program will be presented. 
Measurements for the T2K flux prediction
NA61/SHINE performed thin and replica target measurements to reduce the uncertainty on the T2K flux prediction.
To constrain primary proton beam interactions on carbon target, proton beam at 31 GeV/c was shot on a thin carbon target (2cm long, ∼4% λ, denote as p+C). These interactions were used for measurements of total cross-sections and spectra measurements of π ± , p, K + ,K 0 S , and Λ 0 . NA61/SHINE has published these results in [3, 4, 5, 6] . These thin target measurements successfully improved flux uncertainty down to 10% ( Figure 5 (Left), black dotted line).
To further constrain flux uncertainty, NA61/SHINE measured π ± spectra using proton beam at 31 GeV/c on the T2K replica target [7, 8] (Figure 5 (Left), black solid line). Recently, NA61/SHINE has performed improved measurements with five times larger statistics [9] . Yields of hadrons (π ± , p, K ± ) exiting the surface of the T2K replica target has been measured and compared with several model predictions. Figure 5 (Right) shows expected improvement on the flux uncertainty and Figure 6 shows an example of observed differential yields of hadrons.
Measurements for the Fermilab neutrino program
Measurements for the Fermilab neutrino beamlines, NuMI and LBNF, are ongoing with NA61/SHINE.
In 2015, superconducting magnets were not operational and spectral measurements were not possible. Therefore, experimental setup was optimized to measure inelastic and production cross-sections, which they are defined in terms of the inelastic σ inel and coherent elastic σ el cross-sections:
The inelastic cross-section σ inel is defined as the sum of all processes due to strong interactions other than coherent elastic scattering. In case new hadrons are produced, process is taken into account the production σ prod cross-section. Considering that the quasi-elastic scattering is a part of the inelastic scattering, the production crosssection σ prod can be difined in terms of the quasi-elastic scattering σ qe :
Measurements of six different interactions on thin carbon and aluminum targets using π + and K + beams have been recently published [10] . Results are summarized in Figure 7 . Precision of these measurements are typically 2 -3%, while current NuMI beam for the MINERνA experiment assumes 5% (10 -30%) for pions (kaons) [1] . Thus, these measurements will significantly reduce the uncertainty on the neutrino flux prediction in NuMI. In 2016, p+C/Be/Al at 60 GeV/c, π + +C/Be at 60 GeV/c, and p+C/Be at 120 GeV/c interactions were measured. Spectra measurements are ongoing and an example of V 0 candidates found in π + +C interaction is shown in Figure 8 . In 2017, measurements continued including FTPCs and data calibration is ongoing. In 2018, a replica target of the NuMI beamline has been built and measurements with proton beam at 120 GeV/c has been performed.
Prospect: NA61 beyond 2020
In this section, plans and possible measurements in the NA61/SHINE facility after CERN long shutdown 2 will be presented.
The next generation neutrino oscillation experiments are being proposed, such as LBNF/DUNE and successor experiments of T2K (T2K Phase 2 and Hyper-Kamiokande experiments). The LBNF beamline will shoot protons with momentum somewhere between 60 and 120 GeV/c on carbon or beryllium target, similarly as the NuMI beam- line with 120 GeV/c protons. Because primary protons have high momentum, secondary protons tend to be produced beam-forward direction and their re-interactions contribute a lot to the neutrino flux for the LBNF and NuMI beamlines. Therefore, it is very important to measure forward proton productions to further improve the neutrino flux prediction. The T2K beamline will be re-used for its successor experiments with the same beam momentum and upgraded beam intensity, and there exists a possibility to re-design the target for future operations. For all the next generation experiments, hadron production measurements with replica targets are highly desirable once their design is fixed.
The NA61/SHINE collaboration is preparing program extension proposal after CERN Long Shutdown 2 (2019-2020). Significant facility modifications are planned including TPC electronics upgrade which significantly increases readout rate up to 1000 Hz, installation of modern silicon-based tracking detectors surrounding the target which improves vertex reconstruction precision drastically, and new time of flight detectors with improved timing resolution (σ time ∼50 ps) which increases particle identification resolution, in addition to the existing large acceptance TPCs. These plans are summarized in [11] . Therefore, it is a great opportunity for the next generation neutrino experiments to perform precise measurements of hadron production based on their demands at the upgraded NA61/SHINE facility.
Summary
Precision hadron production measurements are essential to reduce the leading systematic uncertainty on the neutrino flux prediction. NA61/SHINE thin and replica target measurements have improved and will further improve the flux prediction in T2K. NA61/SHINE measurements for the Fermilab neutrino programs are ongoing. NA61/SHINE is proposing program extension after Long Shutdown 2, which significantly upgrades their facility and is a great opportunity to pursue important measurements.
